Objective Eplerenone (EPL) is a mineralo-corticoid receptor antagonist that is highly selective and has few side effects. This study was conducted to examine whether or not EPL treatment was able to reverse glomerular hyperfiltration, as an indicator of aldosterone renal action, in primary aldosteronism (PA) patients. Methods Changes in the estimated glomerular filtration rate (ΔGFR) were examined in 102 PA patients with EPL treatment. Furthermore, the sequential ΔGFR in 40 patients initially treated with EPL followed by adrenalectomy was examined in order to evaluate the extent of the remaining glomerular hyperfiltration in the patients treated with EPL. Results EPL decreased the GFR at 1 month after treatment. The GFR at baseline was the sole significant predictor for the ΔGFR. Patients initially treated by EPL followed by adrenalectomy showed three different ΔGFR patterns during the treatment, despite having comparable doses of EPL and comparable control of blood pressure and serum potassium levels. The urinary aldosterone excretion was significantly different among these three groups, and the group with no decrease in the GFR after EPL treatment showed greater urinary aldosterone excretion. Glomerular hyperfiltration was completely restored only in 17.5% of our unilateral PA patients after EPL treatment. Conclusion The present study revealed that blockade of aldosterone action by EPL could, at least partially, reverse glomerular hyperfiltration in PA. Whether or not these differential effects on the GFR affect the longterm outcome needs to be investigated, especially in patients with unilateral PA who do not want adrenalectomy and choose the EPL treatment option.
Introduction
Intern Med 57: 2459-2466, 2018 DOI: 10.2169/internalmedicine.0438-17 age-, sex-, and blood pressure-matched patients with essential hypertension (3, 4) . Two therapeutic options are recommended for the treatment for PA: either unilateral laparoscopic adrenalectomy for patients with unilateral aldosterone-producing adenoma (APA) or a medical treatment based on mineralocorticoid receptor antagonists (MRAs), spironolactone (SPL), or eplerenone (EPL) for patients with bilateral PA (1) . The goal of treatment for PA is preventing cardiovascular and renal damage by resolving hyperaldosteronism through adrenalectomy for unilateral cases or through MRA treatment for bilateral cases and those who do not want surgery. With MRA treatment, however, insufficient suppression of aldosterone action may result in cardiovascular and renal damage even when the blood pressure and serum potassium are well controlled.
Glomerular hyperfiltration is a major cause of renal damage in various renal diseases. A series of clinical studies have suggested the possibility of reversible glomerular hyperfiltration due to renal hemodynamic alteration by hyperaldosteronism (5, 6) , wherein the glomerular filtration rate (GFR) rapidly decreases after the removal of aldosterone excess by adrenalectomy (5, (7) (8) (9) . A similar rapid reversal of glomerular hyperfiltration has also been shown in PA with high-dose MRA treatment using SPL ( 100-300 mg) (7, 9, 10) . SPL has been widely used as an MRA treatment for PA for a long period of time. However, high-dose SPL has many sex hormone-related side effects, such as gynecomastia, often making it difficult for patients to receive the necessary doses of SPL. EPL, another MRA, is a highly selective MRA with few sex hormone-related side effects (1, 11) . However, clinical data for EPL in the treatment of PA are limited, and few studies-with only small patient populations-have examined the effects of EPL on glomerular hyperfiltration in patients with PA (12, 13) . Furthermore, whether or not EPL can sufficiently block the aldosterone action in PA remains unclear, since the approved dosage of EPL is limited to 100 mg/day in Japan, which is approximately equivalent to 50 mg SPL (14) .
In the present study, we examined whether or not EPL treatment can reverse glomerular hyperfiltration, as an indicator of aldosterone renal action, in 102 patients with PA. Furthermore, we analyzed the sequential changes in the GFR in 40 patients initially treated with EPL followed by adrenalectomy, which can fully restore hyperaldosteronism, in order to evaluate the extent of the remaining glomerular hyperfiltration in the patients treated with EPL.
Materials and Methods

Patients
The study group comprised patients who had been diagnosed with PA at Tokyo Medical and Dental University Hospital between April 2007 and March 2014. PA was diagnosed based on at least 1 out of 3 abnormal results on the following confirmatory tests: 1) the aldosterone renin ratio (ARR) exceeded 200 after administration of captopril (50 mg), 2) the plasma renin activity (PRA) was less than 2.0 ng/mL/h after intravenous administration of furosemide (40 mg) with upright posture, and 3) the plasma aldosterone concentration (PAC) exceeded 60 pg/mL after intravenous infusion of 2,000 mL saline, as recommended by the Japanese Society of Hypertension and the Japan Endocrine Society (15, 16) .
A total of 179 patients were diagnosed with PA. Of these patients, those treated with any antihypertensive agents other than EPL with or without calcium channel blockers (CCBs) after the confirmation of lateralization (n=39) were excluded. The remaining 140 patients were treated with EPL with or without CCBs (confined to slow-release nifedipine or amlodipine). Of these 140 patients, those with diabetes diagnosed according to the criteria of the Japan Diabetes Society (17) (n=11), those with an estimated GFR (eGFR) of less than 30 mL/min/1.73 m 2 (n=1), those whose data were not available (n=21), and those lost to follow-up (n=5) were excluded from the study (Fig. 1) . The remaining 102 patients were included in the study population for EPL treatment. On a diagnosis of PA, antihypertensive agents were limited to a CCB and an alpha-receptor antagonist, according to the clinical practice guidelines of The Endocrine Society (1), until lateralization of aldosterone hypersecretion by adrenal vein sampling (AVS) was confirmed. In AVS, blood samples were collected 15 minutes after bolus intravenous injection of tetracosactide acetate (250 μg). Assessment of successful catheterization and lateralization for AVS was conducted according to the Japanese Society of Endocrinology Guidelines for the Management of PA (16) .
The patients with PA were treated with EPL after the confirmation of lateralization by AVS. EPL with a CCB was administered to these patients depending on the drug availability and the condition of the patient, including their blood pressure, serum potassium level, and/or renal function. Alpha-receptor antagonist treatment was discontinued after the initiation of EPL treatment. Among the 102 patients, 51 underwent adrenalectomy a few months after EPL treatment (Fig. 1) . Of these 51 patients, the 40 with available data were analyzed for sequential changes in the GFR during treatment (Fig. 1) .
This retrospective study was approved by the Ethics Committee of Tokyo Medical and Dental University Hospital (No. 2198).
Data collection
Extensive clinical data were extracted from patients' charts, including the age, sex, duration of hypertension, body mass index (BMI), blood pressure at first visit, laboratory test results, and medication. PAC and PRA were measured in the morning after a 30-minute rest, in a sitting position, by radioimmunoassay. Serum creatinine (Cre), serum potassium, and urinary albumin excretion (UAE) tests were performed in the morning. Urinary aldosterone excretion and urinary potassium excretion were measured when the pa- . Due to either a lack of EPL treatment, missing data, and/or withdrawal from follow-up, 77 patients were not able to be included in the study. For the first analysis, 102 patients were studied. Of these 102 patients, 62 did not undergo adrenalectomy or had missing data. Therefore, the 40 remaining patients were studied for the second analysis. tients were hospitalized after PA confirmation and/or the subgrouping of PA. Cre was collected both before and after the initiation of EPL treatment or adrenalectomy. Blood pressure, serum potassium, and brain natriuretic peptide (BNP) were measured after a one-month interval and in the follow-up period post-EPL administration.
The evaluation of the renal function
We calculated the eGFR as a marker of the renal function. The formula used to calculate the eGFR was the Japanese equation for the GFR estimation, established by the Japanese Society of Nephrology: eGFR (mL/min/1.73 m 2 ) = 194× Cre -1.094 × age -0.287 (×0.739 if the patient was a woman) (18) . We calculated the defined ΔGFR as the difference of the eGFR before and after the initiation of EPL or adrenalectomy.
Statistics analyses
The data are presented as the mean ± standard deviation or geometric mean (95% confidence interval), and the doses of medication data (CCB, doxazosin and EPL) are presented as the mean (range). Only PRA is presented as the median (quartile). The duration of hypertension, the GFR, PAC, ARR, urinary aldosterone excretion, and UAE were logtransformed for the statistical analysis due to their skewed distribution. A one-way analysis of variance (ANOVA) followed by Gabriel's post hoc test was used for the comparison among three groups, except for PRA, the dose of CCB, and the dose of EPL, which were analyzed by a KruskalWallis test. Univariate correlations were evaluated as Pearson's correlation coefficient, except for PRA, which was evaluated as Spearman's rank correlation coefficient. In this multivariate regression analysis with a stepwise procedure, the following covariates were incorporated into the analysis: GFR at baseline, BMI, changes in the blood pressure after EPL treatment, and PAC.
A p value <0.05 was considered to indicate statistical significance. All statistical analyses were performed using the SPSS version 21.0 statistical package (IBM SPSS Statistics for Windows, Version 21.0; IBM, Armonk, USA)
Results
Treatment with EPL decreased GFR at 1 month in PA
The baseline characteristics of PA (n=102) are shown in Table 1 . The GFR baseline was 76.6 (73.3-79.8) mL/min/ 1.73 m 2 , and PAC was 319 (259-378) pg/mL. All patients started administration of EPL at 83.7 (25-100) mg/day with a CCB [slow-release nifedipine 39 (20-80) mg, n=45 or amlodipine 6.7 (2.5-10) mg, n=33] after confirmation of the laterality of aldosterone hypersecretion by AVS. A total of 62% of patients were diagnosed with unilateral APA, based on the AVS results.
A statistically significant (p<0.001) decrease in the GFR was observed at 1 month after EPL administration. However, the GFR subsequently remained stable at the threemonth follow-up evaluation. ΔGFR was defined as changes in GFR at 1 month after eplerenone treatment. Stepwise regression analysis followed multi regression analysis was performed. GFR at baseline, body mass index, changes in the systolic blood pressure after eplerenone treatment and plasma aldosterone concentration were assessed. Other variables were not significant. Adjusted R 2 : 0.194 GFR: estimated glomerular filtration rate
Predictors of changes in the GFR (ΔGFR) after EPL treatment
We then analyzed the data further to identify the clinical parameters influencing ΔGFR during the month after EPL treatment among the 102 patients. Cre and the GFR at baseline were shown to be significantly (p<0.001) correlated with the ΔGFR in a univariate analysis (Table 2) . A multivariate stepwise regression analysis revealed that the GFR at baseline was the sole significant predictor for the decrement in the GFR after EPL treatment (Table 3) . Changes in the systolic or diastolic blood pressure during EPL treatment did not correlate with the ΔGFR.
In our 102 patients, changes in BNP during EPL treatment were assessed in 34 patients. The changes in the BNP level were significantly (p=0.001) correlated with the ΔGFR.
The decremental patterns of GFR after EPL treatment and subsequent adrenalectomy
In our cohort of patients with PA, 40 patients were initially treated by EPL followed by adrenalectomy (Fig. 1) . We then analyzed the sequential changes in the GFR during treatment. Since several previous studies and the present study have clearly shown that decremental changes in the GFR occur within 1 month following adrenalectomy or the initiation of MRA treatment, we examined the ΔGFR at 1 month after EPL treatment as well as the ΔGFR at 1 month after subsequent adrenalectomy in these 40 patients.
As shown in Fig. 2a , these 40 patients were categorized into the following three groups based on the patterns of ΔGFR during treatment: Groups A, B, and C. Group A in- cluded the patients in whom the GFR decreased after EPL administration but did not change following adrenalectomy. Group B included the patients in whom the GFR decreased after EPL administration and further decreased after subsequent adrenalectomy. Group C included the patients in whom the GFR remained unchanged after EPL administration but decreased after subsequent adrenalectomy (Fig. 2) . Of note, the doses of EPL and CCB, and the changes in blood pressure were not significantly different among the three groups, and EPL treatment was able to achieve control of the blood pressure and hypokalemia in all patients in all three groups (Table 4) . A comparison of the clinical parameters showed that the urinary aldosterone excretion before EPL treatment was significantly different among the three groups and that marked urinary aldosterone excretion before EPL treatment was observed in Group C compared with Groups A and B (Table 4) .
Discussion
We examined whether or not treatment with EPL can reverse glomerular hyperfiltration, as an indicator of aldosterone renal action. In addition, we analyzed the sequential changes in the GFR in 40 patients initially treated with EPL followed by adrenalectomy, which can fully resolve hyperaldosteronism, in order to evaluate the extent of the remaining glomerular hyperfiltration in the patients treated with EPL.
Our study clearly indicated that our EPL treatment (mean 83.7 mg/day range: 25-100 mg/day) significantly decreased the GFR at 1 month after the treatment. A multivariate analysis revealed that the GFR at baseline was the sole significant predictor of the ΔGFR (Table 3 ). In cases of unilateral PA initially treated by EPL followed by adrenalectomy, the patients were able to be clearly categorized into three subgroups depending on the ΔGFR pattern during treatment (Fig. 2) .
Few studies have reported the effects of EPL on the renal function in PA (12, 13). Fourkiotis et al. reported in their cross-sectional cohort study that the GFR in patients with PA was comparable between the adrenalectomized group and the EPL treatment group approximately five years after the initial diagnosis (12) . Another study on the effect of MRA treatment on the GFR was largely based on patients treated with SPL, and an individual analysis of patients treated with EPL was not described, as the numbers included in the EPL group were relatively small (13) . The present study clearly indicated that a modest but significant decline in the GFR was observable within 1 month after EPL treatment, suggesting that blockade of the aldosterone action by EPL could, at least partially, reverse glomerular hyperfiltration in PA. The MR-antagonizing activity elicited by our EPL treatment (mean 83.7 mg/day) was assumed to be virtually equivalent to the previous study using low-dose SPL treatment (50 mg/day) (1, 18), which was found to be less effective than surgery for achieving the reversal of glomerular hyperfiltration (19) . Other studies, with SPL uptitrated as needed (100-300 mg/day), have documented a comparable effect on the GFR between patients receiving surgical treatment and those receiving SPL treatment (7, 9, 10) Therefore, the effect of our EPL treatment on the GFR appeared to be modest compared with adrenalectomy, which resulted in the complete resolution of hyperaldosteronism. Our results also showed that the ΔBNP was positively correlated with the ΔGFR during EPL treatment. Gaddam et al. reported that elevated plasma aldosterone levels induced cardiovascular volume overload in patients with resistant hypertension, and MRA treatment reduced the plasma BNP levels, as an indicator of cardiovascular volume overload (20) . Our Data are expresses as mean±SD, geometric mean (95% confidence interval), medication (nifedipine, amlodipine, doxazosin and EPL) are expressed as mean (range), only PRA is expressed as median (quartile). a) One way ANOVA. PRA, nifedipine, amlodipine and EPL were analyzed by Kruskal-Wallis test. b) A vs. C (p=0.012), and B vs. C (p=0.039) in post hoc analysis by Gabriel's test. GFR: estimated glomerular filtration rate, EPL: eplerenone, HT: hypertension, BMI: body mass index, BP: blood pressure, Cre: creatinine, PRA: plasma renin activity, PAC: plasma aldosterone concentration, u-Aldo: urinary aldosterone excretion, ARR: aldosterone renin ratio, u-potassium: urinary potassium excretion, UAE: urinary albumin excretion, n.e.: not examined data suggest that EPL treatment for PA patients reduces the cardiovascular volume overload, similarly to Gaddam's study (20) . The present study further indicated that the GFR at baseline was a significant predictor of a decreasing GFR after EPL treatment (Table 3 ). This finding is in agreement with previous studies showing that a greater baseline GFR was associated with a more marked fall in the postoperative GFR (7, 21, 22) , supporting the notion that the posttreatment GFR decline in patients with PA, either by adrenalectomy or MRA treatment, results from the cancellation of glomerular hyperfiltration caused by hyperaldosteronim. Although several previous studies have shown that serum potassium levels, PRA, PAC, and/or ARR were also predictors of a decreasing GFR after adrenalectomy (12, 13, 21, 22) , these factors were not indicated to be significant predictors in the present study. This discrepancy may be due to the difference in treatment conditions from previous studies based on the complete reversal of the aldosterone action by adrenalectomy or by sufficient doses of MRA. In the present study, the effects of these factors on GFR may have been blurred under EPL treatment, which is not sufficient to fully resolve hyperaldosteronism.
To evaluate the extent of the remaining glomerular hyperfiltration in the patients treated with EPL, we analyzed the sequential changes in the GFR in 40 patients initially treated with EPL followed by adrenalectomy, which can fully restore hyperaldosteronism. No study has yet documented the sequential changes in the GFR during preoperative MRA treatment through to the subsequent adrenalectomy. The present study showed that our 40 patients with unilateral APA could be clearly categorized into three groups (A, B, and C) based on the sequential changes in the GFR during preoperative EPL treatment through to subsequent adrenalectomy, despite the doses of EPL and CCBs used being comparable among the three groups (Fig. 2b, Table 4 ). Differences among these three groups may be due to the modest antagonizing effect of our EPL treatment on hyperaldosteronism. For example, in Group A, our initial EPL treatment alone may have completely reversed the glomerular hyperfiltration; therefore, no additional effect was seen after adrenalectomy. In Group B, our EPL treatment may have partially reversed and subsequent adrenalectomy completely reversed the glomerular hyperfiltration. In Group C, our initial EPL treatment may have been ineffective, leaving the subsequent adrenalectomy solely responsible for reversing the glomerular hyperfiltration. These hypotheses are also supported by our findings that the urinary aldosterone excretion was significantly different among the three groups, and marked urinary aldosterone excretion was observed in Group C compared with those in Groups A and B (Table 4) . Of note, the glomerular hyperfiltration was completely restored only in group A (17.5%). This finding suggests that, at the current approved upper dose of EPL, the inhibition of renal effects of aldosterone remains inadequate in at least 82.5% of operable PA cases. A series of long-term observational studies has shown that surgical and medical treatment are equally beneficial for cardiovascular and renal protection in patients with PA; however, this is based on a comparison between patients with unilateral APA treated with adrenalectomy and those with bilateral idiopathic hyperaldosteronism treated with spironolactone, which was uptitrated as needed and tolerated (7, 23, 24) . No studies have reported the effects of EPL treatment on cardiovascular and renal outcomes in patients with PA. Taken together, our present findings suggest that detailed studies with careful observation are needed to determine whether or not Japanese PA patients treated with EPL truly have the same cardiovascular prognosis as those who undergo surgery.
Of note, EPL treatment with combination of CCBs was able to restore control of blood pressure and hypokalemia to comparable levels among the three groups, despite the groups' different responses with regard to the GFR during preoperative MRA treatment through to subsequent adrenalectomy. These findings suggest that, under EPL treatment, some APA cases show dissociation between the therapeutic effect on blood pressure and serum potassium control and the inhibitory effect on aldosterone-induced glomerular hyperfiltration by EPL treatment. Long-term prospective observational studies will be required to establish whether or not this dissociation affects the long-term renal and cardiovascular outcomes, especially in patients with unilateral APA who opt for medical treatment.
Several limitations associated with the present study warrant mention. First, the retrospective nature of the study and relatively small number of patients may have masked the significance of the data. A prospective research design including control patients, such as those with essential hypertension, would be preferable for future studies. Second, we used the Cre-based GFR rather than the cystatin C-based GFR; Cre may be influenced by muscle volume or the amount of meat consumed. In addition, the renal function might have been underestimated in the present study because of the formula used to evaluate the GFR. The formula that we applied was based on the data from chronic kidney disease (CKD) patients in Japan (17) , which may not be suitable for application in the patients in our study, who showed a nearly normal renal function (mean GFR 76.5 mL/ min/1.73 m 2 ). Third, in assessing renal injury, we did not measure the UAE at the outpatient clinic after discharge and did not check for structural injuries of the kidneys. Fourth, the doses of EPL and CCBs were not standardized in the present study. Finally, the follow-up period was relatively short for the most studied patients, precluding any determinations arising from longer-term outcomes.
In conclusion, the present study showed that the blockade of aldosterone action by EPL could, at least modestly, reverse glomerular hyperfiltration in PA. Furthermore, the present study showed for the first time that our EPL treatment during the preoperative MRA treatment through to subsequent adrenalectomy results in three different patterns of sequential changes in the GFR among patients with unilateral APA, despite the doses of EPL and CCBs used and the control of blood pressure and serum potassium being comparable among the patients. Whether or not these differential effects on the GFR by EPL treatment affect the long-term renal or cardiovascular outcomes remains to be elucidated, especially in patients with unilateral APA who opt for medical treatment. The present study therefore indicates the need for long-term prospective studies on the effects of EPL treatment on the cardiovascular and renal outcomes in patients with PA.
